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In this paper, we report an experiment, which demonstrates computation of topological charges of 
two optical vortices via non-degenerate four-wave-mixing process. We show that the output signal 
beam carries orbital angular momentum which equals to the subtraction of the orbital angular 
momenta of the probe light and the backward pump light. The S5 Rb atoms are used as the nonlinear 
medium, which transfer the orbital angular momenta of lights. 
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PACS numbers: 42.65.Hw, 42.79.Dj 

Although polarization of light, which depends on spin 
angular momentum of photon, is familiar to people, its 
closely related counterpart, orbital angular momentum 
(OAM) of light, was quite unfamiliar to the researchers 
until very recently [lj. The most common light beam that 
carries OAM is the so called Laguerre-Gaussian (LG) 
mode beam0- Optical beams with OAMs include screw 
topological wave front dislocation or vortices. A spiral 
phase ramps around a singularity where the phase of the 
wave is undefined. The order of the singularity multi- 
plied by its sign is referred as the topological charge of 
the dislocation. This kind of light field is also called op- 
tical vortex (OV) due to its helicoidal wavefrontQ- 

There is a great deal of interest in the property of light 
with OAM and how it interacts with materials. Trans- 
fer of OAM from light to macroscopic particles has been 
re 

portedHHEl- 

Using an light beam with OV to excite 
vortex state in a Bose-Einstein condensation (BEC) was 
proposed 0, ||- Experiments of transfer of OAM between 
light and atoms were reported[l M, El 

Another in- 
teresting direction is studing the change of OAM of light 
during a nonlinear optical process. Conversion of topo- 
logical charge of optical vortices in a Second-Harmonic 
Generation (SHG) has been reported[H 
Studies of OAM of light in parametric down-conversion 
processes have also been explored fPH Il8l Il9| . 

In this paper we report an experiment, which demon- 
strates computation of topological charges of two opti- 
cal vortices via non-degenerate four- wave-mixing. S5 Rb 
atoms are used to mediate the interaction among lights 
with optical vortices. Fig. 1 shows the experimental 
setup. The 3cm vapor cell contains isotopically pure 
85 Rb. The temperature of the cell is kept around 60°C, 
corresponding to a atomic density about 3.5x 10 11 cm -3 . 
A three layer magnetic shield is used to screen out the 
magnetic field of earth. The remaining magnetic field 
inside the shield is less than lmGs. Three external cav- 
ity diode lasers (ECDL) are used in our experiment. 
Two ECDLs working at 795nm are used as the for- 
ward pump field and the probe field. A 780nm ECDL 



serves as the backward pump field. The frequency of 
the forward pump field is tuned to be resonant with 
|5S 1/2 ,-F = 2) -»■ |5P 1/2 ,F = 2) transition. The fre- 
quency of the backward pump field is tuned to be res- 
onant with |5Si/2, F = 3) — > |5P3/2, F — 2) transition. 
And the frequency of the probe field is tuned to be res- 
onant with |5£]/2, F = 3) — * \5Pi/2,F = 2} transition. 
The forward pump field is horizontally polarized. The 
backward pump field and the probe field are vertically 
polarized. The backward pump field and the probe field 
are focused inside the cell. The diameters of them are 
about 0.5mm. The forward pump beam is collimated 
and has a diameter about 3mm. The forward pump field 
and the backward pump field are made to be counter- 
propagating. There is a small angle (about lOmrad) 
between the probe field and the two pump fields. The 
three beams are made to be coincided inside the va- 
por cell. This kind of configuration forms a closed non- 
degenerate four-wave-mixing (FWM) process, which pro- 
duces a 780nm signal. And the configuration of the po- 
larizations ensures a maximum output signal with hor- 
izontal polarization. The output FWM signal is picked 
up by a PBS and then sent into a Mach-Zender (M-Z) 
interferometer. This interferometer serves as an analyzer 
of the OAM of the output light field. We will explain it 
in detail later. The output of the M-Z interferometer is 
monitored by a CCD camera. 

We use two computer generated holograms to make 
the probe field and the backward field to be LG mode 
beams, which carry OAMs (or topological charges) |20j . 
These holograms have fork-like patterns in their center 
(see Fig. 1). When the hologram is illuminated by a nor- 
mal Gaussian laser beam, the first-order diffracted beams 
will carry OAMs of +h or —h depending on the sign of 
the diffraction order. The field amplitude of a LG mode 
laser is given by[l|, 
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where, Eq is the amplitude, w is the half-beam width. L l p 
is the Laguerre polynomial, r and </> are, respectively, the 
radial and angular coordinates in cylindrical polar coor- 
dinate system with its z axis being along the beam prop- 
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agation direction. In our experiment all three light fields 
are output from single mode fibers and are in TEM o 
modes. We put two holograms after the output couplers 
of the backward pump beam and the probe beam re- 
spectively. The first-order diffraction is used. We use 
two translation stages to control the transverse position 
of the holograms. If the fork-shape structure is illumi- 
nated, the diffracted beam is a LGq beam, which carries 
+H of OAM. The sign of the OAM depends on the order 
of the diffraction (+1 or —1). If we move the fork-shape 
structure outside the beam, then the diffracted beam is 
an ordinary Gaussian beam, which carries no OAM. The 
diffraction efficiencies of the two holograms are about 
10%, which is quite low. The power of forward pump 
field, backward pump field and probe field are all about 
700/iW. 

Before presenting the experimental results, let's first 
review some basic properties of the FWM process. This 
process utilizes the third-order nonlincarity °f the 
nonlinear medium. The output FWM signal is related 
with the input fields with relation [2l|, 

E s = x {Z) E F E B E* P , (2) 

where Es, Ef, Eb and Ep are electrical amplitudes of 
the signal field, the forward pump field, the backward 
pump field and the probe field respectively. Here we as- 
sume scalar fields for simplicity. 

The energy conservation law and the momentum con- 
servation law must be obeyed. These conditions suggest 
that u>f + <-<Jb — ujp = lu s and the phase-matching condi- 
tion kp + k B — kp = ks- In the traditional FWM exper- 
iment all beams carry no OAM. So the conservation of 
OAM is automatically fulfilled. But in our experiment, 
since we introduce OAMs into the backward pump field 
and the probe field, the OAM conservation law must be 
considered too. To write it explicitly, 

l F + l B -l P = l s . (3) 

First we only make the backward pump field to carry 
OAM (i.e. l B = 1)- Since l F = lp = , the output FWM 
signal should also carries +H of OAM (i.e. Is — 1). To 
analyze the OAM of the output beam, A M-Z interfer- 
ometer is used. This M-Z interferometer is different from 
the ordinary one. The beam is reflected odd times in one 
arm and is reflected even times in the other. The rea- 
son we use this kind of interferometer is that reflection 
can flip the sign of the LG beam[22] • A LG beam which 
carries +IH of OAM is changed to a LG beam which car- 
ries —lh of OAM after reflection. So the beams from the 
two arms of the M-Z interferometer have OAMs with op- 
posite signs. When they interfere, they will produce an 
interference pattern that can be used to reveal the OAM 
carried by the input field. Fig. 2 (a) and (b) are the im- 
ages recorded by CCD camera, (a) is the recorded signal 
when one arm of the M-Z interferometer is blocked. The 
field distribution is a doughnut-shape spot. Fig. 2(b) is 
recorded without the block. This time the signal fields 



from the two arms form an two-part spiral interference 
pattern. From these two images we know that the signal 
beam carries OAM of +K. One can easily reproduce this 
pattern using Eq.JTJ. The field at the CCD camera is, 

E( r ,cf>) a Eo{—)e-^Ll(— )(e~ i ++e i +e*>')e i « r , (4) 
w w 

where rj is a parameter which represents the difference 
of the divergences of the two beams in the two arms of 
the M-Z interferometer, ip is the phase factor caused 
by the different optical lengths. This term causes the 
interference pattern to rotate. The two-part structure is 
caused by term (e~ l< ^ +e l ^e l ' p ). The spiral shape is caused 
by the last term in Eq.(0J. In the experiment we make 
the divergences of the beams in the two arms of the M- 
Z interferometer different deliberately. The consequence 
is the spiral shape interference pattern, which can be 
recognized more easily. Fig. 2(c) and (d) is the result 
of theoretical calculation using Eq.(0}. We can see that 
they are in good agreement with the experimental results. 

After this first step we carry out an experiment, 
in which two beams with topological charge are used. 
The topological charge of the backward pump beam is 
+1(1 b = +!)■ The probe beam has the same topological 
charge as the backward pump beam. But it is reflected 
by a mirror before entering the vapor cell, so as men- 
tioned above the reflection flips the sign of the topolog- 
ical charge. Therefore it carries —H of OAM (lp = — 1). 
From the angular momentum conservation law we know 
Is = If + Ib — Ip = 0+1 — (—1) = 2. We also analyze the 
output FWM signal with the M-Z interferometer. The 
results are shown in Fig. 3. Fig. 3 (a) is the recorded sig- 
nal when one arm of the M-Z interferometer is blocked. 
The field distribution is also a doughnut-shape spot. One 
thing worth noting is that the internal circle is actually 
not a circle but an irregular shape. This phenomena is 
caused by the geometry of the experimental setup. Be- 
cause in our setup the probe beam and the two pump 
beams are not collinear exactly. There is a small angle 
(lOmrad) between them. So they only coincide partly 
inside the cell. Consequently the output signal is not 
a perfect doughnut shape. Fig. 2(b) is recorded with- 
out the block. The interference pattern is a four-part 
structure, which has a windmill shape. These two im- 
ages manifest the OAM of the output beam is 2h. In this 
sense this experiment can be viewed as an computation 
of the topological charges of backward pump field and 
the probe field. In our case, it is a subtraction. 

This experiment demonstrates that OAM is an intrin- 
sic property of light, just as polarization. In a nonlinear 
process which involves lights with non-zero OAM, the 
OAM conservation law must be obeyed also. 

One can easily extend this setup to compute three 
topological charges by introducing OAM in the forward 
pump field. In principle, N-l topological charges can be 
mixed using a N-wave-mixing process. However higher- 
order nonlinear process has a much smaller cross sec- 
tion. And cascading of many FWM processes seems to 
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be a more feasible way to do computation of OAMs of 
lights. Compared with other experimental schemes, such 
as SHG [Hill Hinj, the FWM configuration provides 
a larger flexibility. 

In conclusion, we have reported an experiment which 
realized an computation of topological charges of two 
optical vortices. This experiment utilize the OAM con- 
servation nature of the FWM process. The S5 Rb atoms 
are used as the nonlinear medium, which transports the 
OAMs of lights. We show that OAM can be transferred 
from one beam to another. Then we demonstrate the 
subtraction of OAMs of two light beams. This exper- 
iment may find applications in optical computing and 



processing. 
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Figure Captions 

Fig. 1 (a) Experimental setup. P: Polarizer; BS: Beam 
splitter; PBS: Polarized beam splitter. The 3cm vapor 
cell contains isotopically pure S5 Rb. A three layer mag- 
netic shield is used to screen out the magnetic field of 
earth. Three external cavity diode lasers (ECDL) are 
used in our experiment. The backward pump field and 
the probe filed are focused inside the cell. The diameters 
of them are about 0.5mm. The forward pump beam is 
collimated and has a diameter about 3mm. The forward 
pump field and backward filed are made to be counter- 
propagating. There is a small angle (about lOmrad) be- 
tween the probe field and the two pump fields. The three 
of them are made to be coincided inside the vapor cell. 
The output FWM signal is picked up by the PBS and 
then sent to a Mach-Zender (M-Z) interferometer. One 
output of the M-Z interferometer is directed to a CCD 
camera. This interferometer serves as an analyzer of the 
OAM of the incident beam, (b) Energy diagram of 85 Kb. 
The frequency of the forward pump field is tuned to be 
resonant with |5Si/2, F = 2) — > 5P]y2i F = 2) transi- 
tion. The frequency of the backward pump field is tuned 
to be resonant with |5Si/ 2 , F = 3) — » |5P 3 / 2 , F = 2) 
transition. And the frequency of the probe field is tuned 
to be resonant with |55 , 1 / 2 ,F = 3) — * |5P 1 / 2 ,F = 2) 
transition. The forward pump field is horizontally po- 
larized. The backward pump field and the probe field 
are vertically polarized. 

Fig. 2 (a) Recorded signal when one arm of the M- 
Z interferometer is blocked. The field distribution is a 
doughnut-shape spot, (b) Recorded signal without the 
block. This time the signal fields from the two arms 
forms an two-part spiral interference pattern, (c) and 
(d) is the result of theoretical calculation using Eq. Q . 

Fig. 3 The same as Fig. 2, except that two input 
beams (the backward pump beam and the probe beam) 
contain non-zero OAM. The OAM of the output signal 
equals to the subtraction of the OAM of the backward 
pump field and the OAM of the probe field. 
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(a) Experimental setup. 
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(b) Energy diagram of Rb . 



This figure "fig2.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/quant-ph/0603086vl 



This figure "fig3.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/quant-ph/0603086vl 



